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Introduction

The imperative to mitigate atmospheric carbon dioxide concentrations has spurred
intensive research into innovative carbon capture and utilization (CCU) technolo-
gies. Recent advancements in chemical approaches have yielded promising re-
sults, particularly in the development of novel sorbent materials designed for en-
hanced CO2 adsorption capacities and selectivities. Porous organic polymers
and metal-organic frameworks (MOFs) stand out among these materials, offer-
ing tailored structures for efficient CO2 capture [1]. Beyond capture, the focus
has expanded to the catalytic conversion of sequestered CO2 into valuable chem-
ical feedstocks and fuels. Emerging catalytic systems are being explored for the
sustainable and economically viable transformation of CO2 into products such as
methanol, formic acid, and syngas, underscoring a dual approach of capture and
valorization [1]. Process intensification and the integration of CCU systems are
also gaining traction, aiming to optimize efficiency and reduce the overall footprint
of these technologies [1]. Complementary to chemical methods, electrocatalytic re-
duction of CO2 presents another significant avenue for converting captured carbon
into useful products. Heterogeneous catalysts, including single-atom catalysts and
bimetallic nanostructures, are being engineered for high efficiency and selectivity
in producing valuable compounds like ethylene and ethanol, though challenges
in scale-up and long-term stability persist [2]. The intrinsic properties of metal-
organic frameworks (MOFs) make them highly suitable for post-combustion car-
bon capture applications. Their tunable pore structures and surface functionalities
can be precisely engineered to maximize CO2 adsorption, with a strong emphasis
on regenerability and energy-efficient operation under realistic flue gas conditions
[3]. Chemical looping combustion (CLC) offers a distinct technological pathway for
CO2 capture by utilizing oxygen carrier materials. The development of advanced
metal oxides and composite materials facilitates efficient oxygen transfer and sub-
sequent CO2 separation, with various CLC configurations being investigated for
their potential in large-scale industrial applications due to their energy efficiency
and cost-effectiveness [4]. Photocatalytic conversion represents a solar-driven ap-
proach to CO2 utilization, with research focusing on semiconductor catalysts for
the production of methanol. Systems based on TiO2 composites and graphitic
carbon nitride are showing enhanced quantum efficiency and selectivity, with on-
going efforts to improve light absorption and charge separation for practical imple-
mentation [5]. Direct air capture (DAC) technologies are also advancing rapidly,
employing solid sorbents to extract CO2 directly from the atmosphere. Amine-
functionalized porous materials, including silica and MOFs, are being developed
for high CO2 uptake and low regeneration energy, with integration into renewable
energy systems being a key aspect for sustainable CO2 removal [6]. Biocatalysis
offers a green and highly selective alternative for CO2 conversion. The use of en-
zymes like carbonic anhydrases facilitates efficient CO2 hydration and subsequent
transformations into valuable chemicals such as urea and formate, highlighting
the potential for sustainable chemical production under mild reaction conditions
[7]. The synthesis of syngas, a critical building block for fuels and chemicals, from

CO2 and water is a key area of research. Diverse catalytic approaches, including
thermocatalysis, photocatalysis, and plasma catalysis, are being explored to pro-
duce syngas with controllable H2/CO ratios, essential for downstream synthesis
processes [8]. The conversion of CO2 into cyclic carbonates through reactions
with epoxides is another important pathway for CO2 utilization. The development
of efficient catalytic systems, such as ionic liquids and metal complexes, enables
high yields and selectivities under mild conditions, with the resulting cyclic car-
bonates finding applications as solvents, electrolytes, and polymer monomers [9].
Electrochemical reduction of CO2 to carbonmonoxide (CO) is a promising route for
syngas generation. Advanced electrode materials, particularly copper-based cat-
alysts and nanostructured electrodes, are being investigated to achieve high CO
selectivity and current density, paving the way for subsequent chemical synthesis
[10].

Description

The field of carbon capture and utilization (CCU) is experiencing a surge in innova-
tive chemical approaches, with a particular emphasis on advanced sorbent mate-
rials. Research has highlighted the efficacy of porous organic polymers and metal-
organic frameworks (MOFs) in achieving significantly enhanced CO2 adsorption
capacities and selectivities. These materials represent a crucial step forward in
the efficiency of CO2 capture processes [1]. Furthermore, the catalytic conversion
of captured CO2 into valuable chemicals and fuels is a key objective, with emerg-
ing catalytic systems showing promise for producing methanol, formic acid, and
syngas. The sustainability and economic viability of these conversion pathways
are central to their industrial adoption [1]. The integration of process intensification
techniques and comprehensive CCU systems is also being explored to optimize re-
source utilization and minimize environmental impact [1]. Another transformative
approach involves the electrocatalytic reduction of CO2 to valuable products. Novel
heterogeneous catalysts, including single-atom catalysts and bimetallic nanostruc-
tures, are being designed to achieve high Faradaic efficiencies in the production
of chemicals like ethylene and ethanol. However, addressing challenges related
to scale-up and long-term catalyst stability remains critical for realizing industrial
applications [2]. Metal-organic frameworks (MOFs) are prominently featured in re-
search focused on post-combustion carbon capture. Their adaptable structures al-
low for the synthesis of MOFs with precisely tailored pore architectures and surface
functionalities, leading to high CO2 adsorption capabilities. Performance evalua-
tions under simulated flue gas conditions emphasize the regenerability and energy
efficiency of these MOF-based capture systems [3]. Chemical looping combustion
(CLC) technology provides a distinct strategy for CO2 capture through the use of
oxygen carrier materials. The development of advanced metal oxides and their
composite forms is critical for efficient oxygen transfer and selective CO2 separa-
tion. Studies are investigating various CLC configurations to maximize energy ef-
ficiency and cost-effectiveness for large-scale industrial implementations [4]. Pho-
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tocatalytic conversion of CO2 into valuable products, such as methanol, is being
advanced through the design of novel semiconductor catalysts. Systems incorpo-
rating TiO2-based composites and graphitic carbon nitride demonstrate improved
quantum efficiency and selectivity, with ongoing research focused on enhancing
light absorption and charge separation for practical deployment [5]. Direct air cap-
ture (DAC) technologies are actively being developed using solid sorbent mate-
rials. The focus is on creating amine-functionalized porous materials, including
silica and MOFs, that exhibit high CO2 uptake capacity and require low regenera-
tion energy. The integration of DAC systems with renewable energy sources is a
significant aspect of ensuring sustainable CO2 removal from the atmosphere [6].
Biocatalysis presents an environmentally friendly and highly selective method for
CO2 conversion. The utilization of enzymes, such as carbonic anhydrases, en-
ables efficient CO2 hydration and subsequent transformation into valuable chem-
icals like urea and formate. The advantages of biocatalytic processes, including
mild reaction conditions and high specificity, position them as a sustainable solu-
tion for CCU [7]. The production of syngas from CO2 and water through reforming
and reverse water-gas shift reactions is a crucial area of study. Various catalytic
methods, encompassing thermocatalysis, photocatalysis, and plasma catalysis,
are being investigated to control the H2/CO ratio in the synthesized syngas, which
is vital for its use as a feedstock in producing liquid fuels and chemicals [8]. The
conversion of CO2 into cyclic carbonates, utilizing epoxides as co-reactants, is
being pursued through the development of efficient catalytic systems. Ionic liquids
and metal complexes are showing promise in promoting high yields and selectivi-
ties under mild reaction conditions, with cyclic carbonates finding applications as
versatile solvents, electrolytes, and polymer precursors [9]. Electrochemical reduc-
tion of CO2 to carbon monoxide (CO) is gaining attention as a method for syngas
generation. Research highlights the effectiveness of copper-based catalysts and
advanced nanostructured electrodes in achieving high CO selectivity and current
density, underscoring the potential for this technology in downstream chemical
synthesis [10].

Conclusion

This collection of research explores diverse strategies for carbon capture and uti-
lization (CCU). Advancements in sorbent materials like MOFs and porous organic
polymers are enhancing CO2 adsorption. Catalytic methods are being developed
to convert captured CO2 into valuable products such as methanol and syngas,
with electrocatalytic and photocatalytic routes showing significant promise. Direct
air capture technologies and biocatalytic approaches offer additional sustainable
pathways. The synthesis of cyclic carbonates and syngas production are also key
areas of focus, aiming to valorize CO2 and contribute to a circular carbon economy.
Challenges in scale-up, efficiency, and long-term stability are being addressed
across these various technological fronts.
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